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Abstract 
In this paper we present the application of time-lapse non invasive 3D micro-electrical tomography (ERT) to monitor soil-plant 
interactions in the root zone. The goal of the study is to better understand the soil-vegetation interactions by the use of non invasive 
technique, and how this dynamical process can be monitored by time lapse geophysical measurements to explain water balance 
exchanges in the upper subsoil critical zone. We designed, built and installed a 3D electrical tomography apparatus for the 
monitoring of the root zone of a single apple tree in an orchard located in the Trentino region, Northern Italy. The micro-ERT 
apparatus consists of 48 buried electrodes on 4 instrumented micro boreholes plus 24 mini-electrodes on the ground surface. We 
collected repeated ERT and TDR soil moisture measurements for about one year and performed three different controlled irrigation 
tests: one during a very dry summer and, during a highly dynamic plant growing spring period and one during a very wet autumn 
period. We also performed laboratory analysis on soil specimens, in order to evaluate the electrical response at different saturation 
steps. The results demonstrate that 3D micro-ERT is able to characterize subsoil conditions and monitor root zone activities, 
especially in terms of root zone suction regions. In particular, we note that in very dry conditions, 3D micro ERT is able to image 
water plumes on the shall subsoil produced using a drip irrigation system. In the very dynamic growing season, under induced 
widespread irrigation, micro 3D ERT can detect the main suction zones caused by the tree root activity. Complex interactions 
between soil moisture and pore water salinity complicate the interpretation. The presented approach is a very promising tool for a 
better understanding of hydrological interactions in the shallow subsoil, and for the quantification of the soil-plant-atmosphere mass 
exchanges. 
© 2013 The Authors. Published by Elsevier B.V.  
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1. Introduction 
Our understanding of the complex soil-plant-atmosphere interactions is often limited by the lack of spatially 
extensive and time intensive data, particularly regarding the soil/root component and its changing states. In particular, 
the subsoil distribution of the root structure and the consequent distribution of soil moisture content are important 
aspects of the study of vegetation, but their direct investigation is troublesome. Common hydrological and eco-
hydrological characterization is generally based on point-based methods, from which spatial distribution is practically 
impossible to ascertain. Remote sensing techniques, at a larger scale, are widely applied to support point-based 
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methods (e.g. [1], [2]) but generally penetrate the subsoil only by a few centimeters and, paradoxically, their view of 
the subsurface is hindered by vegetation itself. 
Ground-based, non invasive (geophysical) techniques such as Electro-Magnetic methods, Ground Penetrating 
Radar (GPR) and Electrical Resistivity Tomography (ERT) can be applied at different scales to image static and 
dynamic characteristics of the subsoil, particularly for hydrological purposes ([3], [4]). More recently, these 
techniques have also been used for dynamic hydro-biological characterization (e.g. [5]). The use of non-invasive 
techniques, and ERT in particular, can be considered state-of-the-art for the estimation of moisture content changes 
([6], [7], [8], [9]) and solute concentration ([10], [11]). However, the application of these techniques to the very small 
scale and at the resolution needed for soil-plant-atmosphere interactions is not a trivial technical task. In addition, the 
interpretation of the results in terms of soil dynamics has also important intricacies (e.g., [12],[13]). In the framework 
of plants/subsoil interactions, ERT has been downscaled to image the root zone geometry ([14], [15], [16], [17], [18]), 
even though the capability of identifying the details of the small-scale root structure remains an unresolved problem.  
The above issues are among the key aspects faced by the EU FP7 project CLIMB (Climate Induced Changes on the 
Hydrology of Mediterranean Basins - see [19]). Within CLIMB, we focused our attention on the root/vadose zone 
description, since the soil/plant interaction is a critical factor controlling eco-hydrological reactions to changing 
climate scenarios. This area of investigation poses new, demanding, interdisciplinary challenges [20] among which is 
the collection and interpretation of spatially extensive and time intensive non-invasive data that can greatly contribute 
towards the understanding of the soil-plant-atmosphere interaction at an unprecedented scale and resolution.  
In this paper we focus on very small-scale ERT acquisitions in an apple tree orchard located in Val di Non, 
Trentino, Northern Italy. We conducted monitoring of both long term natural changes and controlled irrigation 
experiments around a single apple tree, in order to assess value, strengths and limitations of the non invasive 
techniques for root/vadose zone monitoring. The main goals of this study are: 
 to study the small scale dynamics of moisture content in an apple orchard representative of an extensive culture in 
the Italian alpine region, where irrigation is the main source of water in the growing season; 
 to test and validate the capabilities of small-scale ERT in monitoring eco-hydrological processes at the scale of 
interest for soil-plant-atmosphere interaction; 
 to assess the complexities of using electrical resistivity changes as a means to monitor soil moisture changes in the 
small-scale structure surrounding the plant roots. 
2. The Maso Majano test site 
The experimental work was conducted at an apple orchard located in Maso Majano, Val di Non, Trento, Northern 
Italy (Fig.1a). Val di Non is a mountain region widely known for apple production. In the selected apple orchard, 
about 1200 trees (cultivar Golden Delicious) were planted in 2004 along north-south rows spaced 3.5 m, while plants 
are spaced 1 m along each row. The canopy height is about 2.5 m. The site is located on a moraine versant of an 
ancient Wurmian glacier valley and the soil is a heterogeneous glacial deposit, with stones and pebbles in a sandy-silty 
matrix with practically no clay fraction. 
One single apple tree was selected for detailed 3D time lapse monitoring of the soil dynamics using ERT. Four 
electrode strings have been assembled using PVC tubes and stainless steel ring electrodes. Each string is therefore 
composed of 12 electrodes spaced 8 cm. Once assembled, each string takes the form of a 1.2 m long pole that was 
driven into the ground, with the help of some pre-drilling with a smaller diameter. This allowed the installation of the 
pipes by percussion avoiding invasive pre-drill. This setup also permits a very efficient electrical contact between 
electrodes and soil. The four mini-boreholes are at the corners of a square with 0.9 m side. Wiring is allocated internal 
to the pipes. Figure 1b shows the final setup in the field and during ERT measurements. In addition to the 48 
electrodes in the boreholes, 24 electrodes are placed at the ground surface in the square meter surrounding the apple 
tree, covering a nearly regular grid of 0.1 m spacing (Figure 2). The data were collected using an IRIS Syscal Pro 72 
resistivimeter. 




Fig.1. The Maso Majano test site is located in the Alpine region of Northern Italy (a). The site is an apple orchard, where a single apple tree has 
been monitored using a 3D ERT setup (b). 
Fig.2.  Electrode geometry around the apple tree in the Maso Majano orchard,  and the 3D mesh used for ERT inversion. 
3. Methodology 
For all measurements we adopted the same 72 channel skip 0 dipole-dipole acquisition (i.e. each dipole is composed 
of electrodes next to each other in the numbering sequence, and thus also with minimal mutual distance). We acquired 
both the direct and reciprocal configurations, in order to assess the reciprocal error as an estimate of measurement 
error (see e.g. [11]). For the inversion we considered only the data that pass the 5% reciprocal error criterion at all 
measurement times. We inverted the data using the R3T code [21]. For the inversion process we adopted a 3D mesh 
with very detailed triangular elements of 0.025m side for the inner zone, while larger mesh cells were used for the 
background (Figure 2). In order to present the details of time lapse monitoring for the irrigation test, we show the 
results of ratio inversion between the considered time step and the measurements background [11]; for each 
quadripole the data to be inverted at each time step after the reference one (time zero) is derived from the current and 






RR i  (1) 
 
where Rhom is the resistance of the same quadripole for a homogeneous (reference) medium, R0 the resistance of the 
quadripole in background survey and Ri the resistance of the quadripole in the current i-th survey. Ratio inversion is a 
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powerful approach to highlight subtle time-lapse variations of electrical conductivity, that would be otherwise 
overwhelmed by error differences in subsequent absolute resistivity images [22]. 
4. Irrigation tests 
The described ERT setup was used to monitor changes in the soil resistivity as a consequence of three different 
irrigation tests, performed under different seasonal conditions and partly using different irrigation patterns: 
 In August 2011, a drip irrigation under the dry summer conditions;  
 in May 2012, a sprinkler irrigation in very wet conditions during the dynamic spring growing season on the apple 
tree; 
 In November 2012, a second sprinkler irrigation, again in wet conditions, but with the limited autumn plant 
activity. 
The three experiments were planned to examine the effects of the different types of irrigation during different 
climatic conditions, and the impact of the apple tree activity at different stages of its annual physiological cycle. 
4.1. Irrigation test of August 2011 
In August 2011 the initial soil conditions were extremely dry following a long rainless period. In addition, the apple 
tree had been excluded from the irrigation system, and the soil surface covered with a plastic sheet, for two weeks 




Fig. 3. August 2011 experiment: resistivity ratio with respect to background at four time steps. In (a), A and B indicate the locations of the two 
drippers. In (b) is the iso-surface equal to 70 % of the background resistivity, that does not penetrate any deeper than 30-40 cm below ground 
surface. 
The irrigation was performed using two drippers (A and B in Figure 3a) that worked for 6 hours at a total rate of 2.4 
l/h, corresponding to the standard flow rate using for apple tree irrigation during summer. A few 3D ERT datasets 
were acquired during and after irrigation, producing the time-lapse resistivity ratio images shown in Figure 3. The 
resistivity change regions are limited to the surrounding of the two drippers, with a penetration limited to the top 30 -
40 cm below ground. Given that the irrigation scheme is the one commonly adopted in this agricultural practice, we 
can conclude that the region from which the apple tree roots extract the irrigated soil water is no deeper than 30-40 
cm, and is also likely to be aligned with the drippers (Figure 3). Note that this irrigation pattern is also likely to 
influence the growth of the root system, that is probably limited to a depth of 30-40 cm for an apple tree of the size 
considered (about 1.8 m). Note also that in these dry conditions we detect the root activity only in terms of reduction 
of the wet zone as time progresses after irrigation stop, but the main signal is clearly the presence of the wet zone 
itself.  
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4.2. Irrigation test of May 2012 
The second irrigation experiment was conducted in early May 2012, at the top of the spring growing season, In this 
period the soil was in very wet conditions because of the very abundant precipitations during April 2012. At the same 
time, being the weather hot and sunny (26°C at noon) during the days of the experiment we expected a very high 
evapo-transpiration from the apple tree. In this experiment the irrigation was conducted using a sprinkler with a much 
higher rate (3.3 l/min) for a total of 150 minutes, for a total volume of about 500 l, starting at 10:15 am. In addition to 
time-lapse 3D ERT monitoring we also used time-domain reflectometry (TDR) as a means of monitoring soil moisture 
content in the topsoil, utilizing a Tektronix 1502 and a 30 cm probe installed vertically at the ground surface very 
close to the tree trunk. Figure 4b shows the moisture content measured by TDR in the top 30 cm during and after the 





Fig. 4. May 2012 experiment. (a): resistivity ratio with respect to background at four time steps shown on the horizontal slice at 30 cm depth. (b) 
moisture content measured by TDR in the top 30 cm. Note how the moisture content was already high at the start of the experiment. 
The moisture content is high (about 28%) already before irrigation. Given this wet condition, our ERT monitoring 
was not expected to identify the irrigation wetting front, since the corresponding resistivity contrasts are likely to be 
small. Rather, we expected to image the effects of the strong evapo-transpiration caused by the plant in hot conditions 
and at the peak of its growing season. This activity translates into a strong suction exerted by the root system on the 
soil, reducing locally the moisture content, particularly at a depth where most plant root activity is expected (e.g. [23]) 
i.e. in this case around 30 cm depth. In fact, we observe in the time-lapse ERT imaging a larger and larger drying zone 
at this depth (Figure 4a), where resistivity reaches values largely above 100% of the starting resistivity value before 
irrigation (at 10:15 am) – note that the maximum dryness is observed at the time of peak air temperature in the early 
afternoon. The shape of the progressively drying zone is also apparently linked to the location of the drip system that 
is normally used for irrigation – see Figure 3 for comparison. This is a piece of evidence confirming that the root 
apparatus developed in correspondence of where the irrigation assures the maximum continuous availability of soil 
moisture. 
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4.3. Irrigation test of November 2012 
In November 2012 we collected one more irrigation test, again during a very wet period, but at a time, following 
apple harvest, when the plant is not nearly as active as in the May growing season. Again the same TDR and ERT 
monitoring was applied to a sprinkler irrigation experiment, for a total of 500 l applied with a lower rate equal to 100 
l/h for 5 hours. Figure 5b shows the TDR results before, during and after the irrigation. Note how the soil moisture is 
even higher than in May, as November is the months with higher precipitations in the region. The initial moisture 
content was as high as 37%. Irrigation cannot increase significantly the moisture content of the top 30 cm of soil, 
reaching a maximum value of 46 % during sprinkling, and decreasing slightly afterwards. The corresponding 3D 





Fig. 5. November 2012 experiment. (a): resistivity ratio with respect to background at four time steps. (b) moisture content measured by TDR in the 
top 30 cm. Note how the moisture content is even higher than in the May 2012 experiment. 
Figure 5a shows that the surface layer becomes more conductive, as an effect of increased water content, while at 
the same time at 50-60 cm depth a more resistive zone develops quickly already at an early stage of the irrigation 
experiment, and the pattern remains unchanged, albeit with some smoothing and redistribution, till the end of 
monitoring. Understanding these results in terms of hydrological processes is clearly more complex than for the 
previous experiments, but it is clear that some other effect than pure moisture content change must be called into play. 
As evapo-transpiration is not likely to be a strong mechanism in November, with a maximum daily temperature 
around 10°C, the resistivity increase at a depth exceeding the expected depth of the root apparatus (60 cm) cannot be 
attributed to suction decreasing the soil moisture content. A possible explanation to this resistivity change is a sort of 
piston flow that is pushing fresher irrigated water to a depth where it replaces local pore water, made more saline by a 
longer contact time with the soil itself. This explanation is made more probable by the large volume of irrigated water 
(500 l) that clearly must displace a substantial fraction of the existing water in the system (about 400 l in the 
monitored cubic meter, according to the rough estimate from TDR – Figure 5b). Note that a similar phenomenon could 
also have taken place in the May 2012 experiment where, however, such signal is superimposed to the suction effects, 
400   Jacopo Boaga et al. /  Procedia Environmental Sciences  19 ( 2013 )  394 – 402 
and in addition the amount of displaced pore water must have been less, depending on the lower initial moisture 
content. Such phenomena have been often observed elsewhere (e.g. [24], [11], [13]) and greatly contribute to making 
the interpretation of infiltration in the shallow vadose zone more complex.  
5. Quantitative interpretation  
In order to relate quantitatively the measured resistivity values to water saturation we performed laboratory 
resistivity measurements at several steps of saturation for 3 samples of soil, extracted from a core drilled 1 m away 
from the ERT installation, and taken from a maximum depth of 60 cm. The average porosity of these samples is 55%, 
with moisture content equal to 21%. Given the absence of clay in the samples, we elected to model the laboratory 
results using the classical Archie’s model [25], obtaining a Formation Factor F = 1.75 and a saturation exponent n = 
1.5. As all our resistivity results are given in terms of ratios with respect to background, the use of Archie’s law is 
particularly beneficial given its functional form that allows to compute saturation ratios directly from resistivity ratios. 
We applied the calibrated Archie’s law to convert the inverted results of the August 2011 and May 2012 irrigation 
experiments, while the November 2012 experiments clearly would require also to take soil salinity into consideration 
for a reliable quantification.  
The results relevant to the May 2012 are particularly interesting. Figure 6 shows the saturation changes with respect 
to background averaged along horizontal planes, thus giving one-dimensional profiles as a function of depth. First of 
all, the moisture content changes estimated from Figure 6 in the top 30 cm are consistent with TDR measurements.  
At 0.5 hr and 2.5 hr since the start of irrigation the profiles of saturation changes are radically different. At 0.5 hr 
(Figure 6a) there is a clear increase in estimated saturation starting from the ground surface and reaching already a 
depth of nearly 80 cm. Note how this phenomenon is difficult to appreciate in the 3D resistivity images (Figure 4) but 
is quite apparent and quantitatively sound in the estimated one-dimensional saturation change profile. At 2.5 hr the 
picture is radically different (Figure 6b): a clear peak of saturation decrease is apparent around 30 cm depth, where the 
root zone is active at depleting the water content. A second, smaller peak is apparent at a depth around 80-90 cm. This 
latter peak could be an artefact linked to the displacement of the more saline local pore water by the irrigated fresher 
water, a phenomenon that is not taken into account in the Archie’s law transformation, and is similar, albeit less 
pronounced than in the November 2012 experiment (Figure 5a). 
 
Fig. 6. May 2012 experiment: resistivity changes converted into saturation changes and averaged along horizontal planes to give one-dimensional 
profiles with depth: (a) at 0.5 hr, and (b) at 2.5 hr after irrigation start. The marked differences in the two profiles are discussed in the text. 
The quantification allowed by Archie’s law calibration paves also the way for an overall water mass balance in the 
system. Figure 7 shows the estimated total water content (in liters) as a function of time for the May 2012 experiment, 
taking into account that the monitored 3D volume is equal to roughly 0.9 m3. This graph shows that, just after the start 
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of the irrigation, the estimated total water volume grows quickly, but it starts to decay well before the end of irrigation. 
In terms of mass balance, recall that we injected 500 l of water, which has no correlation with the peak total 320 l 
found in this graph and estimated by geophysical techniques, and even less with the peak excess 30 l observed in the 
same graph above the 290 l background value. This is a demonstration that we are clearly facing an open system, 
where a substantial amount of through-going flow is to be considered to honour mass balance. This fact will definitely 
call for a distributed hydrological model for a quantitative interpretation of the experiment.  
 
Fig. 7. May 2012 experiment: water mass balance in the monitored 3D ERT volume estimated from resistivity values. 
6. Discussion and Conclusions 
The evidence collected during the three irrigation experiments points consistently towards some conclusions and 
poses at the same a number of questions that will require in-depth analysis and modelling to be answered. The 
conclusions are: 
(a) we showed that a small scale in situ 3D ERT system is capable of monitoring the time-lapse evolution of soil 
resistivity with sufficient accuracy and resolution as to provide high value data for the understanding of soil-
plant-atmosphere systems. 
(b) from a qualitative viewpoint, this monitoring system can show some key mechanisms of the evolution of soil 
moisture under external forcings such as irrigation and plant-driven evapo-transpiration.  
(c) one of key mechanisms highlighted by our preliminary results is the existence of a clear feedback between then 
application of a certain irrigation system and the consequent development of the plant root apparatus. In the case 
of the observed apple tree, drip irrigation causes the roots to develop in a shallow region aligned with the 
irrigators line. 
The ERT monitoring results also highlight some of the difficulties associated with the quantitative interpretation of 
the results, the most notable being that: 
(d) soil resistivity depends on soil moisture as much as on pore water resistivity, and a mixture of the two 
dependencies is clearly observed in the field, particularly when abundant fresh water is poured in a system where 
pore-water (old water) has had the time to equilibrate its salinity with the existing soil mineralogy. 
(e) the straight quantification of water mass balance on the basis of ERT results must take into account the open 
nature of the considered systems, where the amount of flowing mass can exceed the volume of resident water. 
In conclusion, the non invasive techniques, and ERT in particular, are very promising tools for the study of soil-
plant-atmosphere interactions, especially if they are to be supported by advanced and accurate hydrological modelling. 
Suitable modelling techniques will be in fact necessary to exploit the information content of geophysical field data and 
answer critical questions about basic mechanisms, e.g. soil moisture balance equations at the scale of the 
representative elementary volume, and the interaction between soil moisture content and pore water salinity in the 
production of the observed resistivity signal.  
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